Since its practical realisation by Crewe, STEM utlising a field emission source has become a versatile technique offering many types of signal which can reveal chemical and structural information at the atomic or near-atomic level. Chemical information can be obtained from the electron energy loss spectrum a t a spatial resolution which now permits analysis of individual atomic columns. Furthermore the fine structure in these spectra can in many cases rival the structure in X-ray absorption spectra from synchrotron sources. The highly coherent source permits phase relations to be deduced from convergent beam patterns and promises to allow images in both amplitude and phase to be formed at a level of resolution not subject to the usual diffraction and aberration limit. There are a very wide range of applications within solid state science. Finally, the use of the beam to write tailor-made structures for electron optical components and other purposes introduces a wide range of activity requiring FEG STEM.
With the advent of 'atomic column microanalysis', achieved by Pennycook and his team at Oak Ridge National Laboratory (1 ), the STEM revolution initiated by Crewe ( 2 ) may be said to be complete. Atomic column microanalysis utilises a modification of Crewe's idea of Z-contrast to image atomic columns one by one, and a t each column a high-quality electron energy loss spectrum is acquired so that the chemicaf composition of the column can be assessed. The modified Zcontrast technique is based on a high angle annular dark field detector, the electrons having been deflected through a sufficiently large angle that the atoms s c a t t e r independently and incoherently. In c r y s t a l l i n e materials a large scattering angle is required, several degrees, as f i r s t pointed out by Howie and employed to enhance the images of small catalyst particles (3). The electron energy loss spectroscopy is facilitated by the use of a CCD detector which allows low noise parallel detection with high efficiency. These detector systems are designed and built by McMullan and coworkers (4).
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The application of these techniques depends crucially on a clear understanding of the effective spatial resolution rEELS associated with the electron energy loss spectrum. If we add independent contributions in quadrature, following earlier work f5), we find where ro is a measure of the unbroadened probe size, a t is the broadening associated with a point probe propagating into a collector aperture of semiangle a and b is the impact parameter associated with the energy loss event which may be conveniently estimated from graphs presented by Pennycook (6) . In effect, for 100kV electrons, and typical apertures of 10mr, losses of 200V or more will reduce b to less than 0.2nm. The most important point concerns the second term. If the aperture size is lOmr, i t contributes 0.2nm if the foil is 20nm thick or more, implying that the foils must be thinner than this to achieve column-by-column analysis.
However, Pennycook and Jesson ( 7 ) argue that especially for zone-axis orientations of the thin crystalline foil, channeling of the electrons in the probe prevents the probe from spreading, reduces the value of a one expects from the electron optics, and enables good 2-contrast to be achieved in thicker foils. It seems therefore that under favourable circumstances the term dependent upon the foil thickness may be suppressed and column-bycolumn analysis may be applied to thicker specimens. Surely a t this point in the development of these ideas one should be cautious; for example, in amorphous materials and at grain boundaries, where no channeling is possible, probe spreading must occur. The probe spreading for unapertured spectroscopy, such as EDX, occurs because of medium to large angle incoherent elastic scattering, which because i t is outside microscope apertures i s largely responsible for absorption in conventional transmission electron microscopy.
The channeling idea of Pennycook and Jesson relies upon the attractive potential presented by the atomic columns to the fast electrons, sharpening the probe when it is located over an atomic column. These a r e the orientations in the T.E.M. for which anomalous absorption occurs because the fast electron wave functions a r e preferentially scattered near the atomic cores. Thus one can understand how the channeling idea works because such orientations enhance Rutherford scattering near the atomic nulei. Precisely such orientations also enhance the higher energy inelastic transitions which depend upon core excitations of the atoms. However, i t is important to avoid degradation of the spectrum by multiple inelastic (plasmon) scattering. Plasmon excitation will degrade both the energy resolution and the spatial resolution, by amounts which are significant in terms of this discussion. For this reason alone it is inadvisable to use foils thicker than a few tens of nanometres. What one can say is t h a t t h e combination of instrumentation available a t the Oak Ridge group will quickly allow these questions to be settled; furthermore, even if the technique is limited to thinner specimens than one might hope, i t is s t i l l likely to be the most powerful high resolution analytical technique available for some time. In the future it is just conceivable that in robust specimens of heavy atoms enough signal will be available to image single atoms, so that a stereo pair will reveal by 2-contrast the three dimensional structure, perhaps even irregular grain boundary structure. produces a diffracted beam kg by interaction with "Bragg planes" o r any p e r i o d i c i t y i n t h e projected specimen l a t t i c e potential. A wide enough convergent beam will produce overlapping discs, whose relative phase can be determined from the overlap region.
An example drawn from recent work by Browning and Pennycook (1) is shown in Fig. 1 . The oxide superconductor YBa2Cu307 is viewed parallel to its basal planes and the Ba/Cu ratio is measured from the energy loss spectrum. The column-by-column variation is clearly demonstrated, so that analysis is being achieved on a 0.2nm scale; quantitative analysis must await further experiments to estimate the beam broadening.
These techniques are effective because they rely upon incoherent imaging. All the interference fringes between the various Bragg reflections are suppressed by making the inner angle of the detector large enough that the Bragg reflections a r e washed out by thermal vibrations. It is remarkable that FEG STEM permits also the opposite point of view: because the probe i s bright, coherent microdiffraction can be obtained from nanometre sized areas of the foil, and interference between the resulting discs in the convergent beam pattern can be seen. Thus the 'phase problem' is solved and the s t r u c t u r e of the sampled volume can in principle be obtained directly by inverse Fourier transform for each probe position. In addition, scanning the probe will permit complete knowledge to be obtained about the fast electron wave function a t the exit surface of the specimen. This is available at a level of detail which is not subject to the Rayleigh resolution limit, achieving so-called 'super-resolution'.
The aim i s b r i e f l y then to improve the resolution by utilising data in the microdiffraction plane, because such data i s not limited by t h e transfer characteristics of the lens. It contains information on the spatial frequencies (and, if coherent diffraction can be assumed, on their relative phases) which correspond to spacings much less than the conventional resolution limit of the microscope. To quote from a recent paper by Rodenburg and his team (8) : " if a sufficiently redundant data set is processed consisting of either ( i ) all coherent microdiffraction patterns available in the STEM collected as a function of many equally-spaced probe positions, or (ii) all coherent bright-and dark-field images available in the CTEM collected as a function of many equally-spaced illumination angle conditions, then it i s possible to remove a l l the degrading transfer characteristics of the objective lens and solve for the exit wavefunction from the specimen in complex amplitude at much improved resolution". This remarkable theorem seems to include the Gerchberg-Saxton algorithm (9) which by consideration of both the image and diffraction plane enables in principle the determination of the phase of the wave function.
A simple example may help to illustrate Rodenburg's ideas. Consider Fig. 2 , which shows a plane wave incident upon a weak phase object. The incident wave is tilted with respect to the optic axis so that it produces a diffracted wave equally but oppositely inclined to the optic axis of the microscope. In such conditions, because phase changes due to spherical aberration and defocus are even functions of angle, the relative phase of the incident and diffracted beams i s independent of the lens (to within standard approximations for lens aberrations) and depends only on the position of the specimen. Now if we make use of reciprocity, and imagine a convergent beam incident from below with an angular width large enough to encompass both the incident and diffracted directions, then where the resulting discs overlap their relative phase can be (8) . The left hand figure shows t h e bright-field image: t h e sampling p i x e l s a r e 0.19 nm s q u a r e and t h e objective a p e r t u r e 4mrad, giving a nominal resolution of 0.93 nm. After processing t h e d a t a s e t , t h e phase image shows t h e expected double resolution. Repeated independent experiments confirm that the result is reproducible. Fig. 4 . A digital image of p a r t of a 100x100 wedge grating formed b y electron beam writing using t h e VG HB50 1 STEM on AlF3, together with i t s diffraction p a t t e r n as recorded a t 200kV. The asymmetry i n t h e p a t t e r n demonstrates that i t is acting as a phase grating. (After ref. (1 0) ). d e t e r m i n e d . Once two s u c h d i s c s have been p h a s e d , a n e n t i r e a r r a y of overlapping discs can be phased and in principle t h e amplitude and phase of the e n t i r e e x i t wavefunction -viewed a s a Fourier sum of i t s diffracted components -can b e built up.
Can these ideas b e made to work i n practice? The f i r s t successful attempt to present both amplitude images and phase images a t double t h e recorded bright field resolution has recently been published (8) 
The u s e of optical f i l t e r i n g to enhance images i s a s t a n d a r d technique. Rodenburg's method e s s e n t i a l l y processes a l l t h e information both i n t h e diffraction plane and i n t h e image plane to produce a n optimised image both in amplitude and phase. However i t is now possible to devise phase plates which could i n p r i n c i p l e be used i n t h e column of t h e microscope itself to enhance phase contrast; f o r example, to produce in-focus images of weak phase objects. This i s made feasible by t h e u s e of electron beam writing to fabricate phase gratings of nanometre s i z e d i r e c t l y i n t h e STEM ( 1 0 ) .
A t h i n film of an inorganic r e s i s t is used, typically AlF3. The dwell time of the focussed probe is controlled, s o that holes of different depths a r e drilled. The film is t h i n enough t h a t i t produces v e r y l i t t l e amplitude contrast, to a good approximation only phase contrast. A demonstration of t h i s is shown i n figure ( 4 ) : a phase grating incorporating a phase gradient produces t h e assymetric diffraction pattern shown inset. The basic spacing i n the pattern corresponds to t h e grating spacing. However near the origin (and near every spot i n t h e pattern) there i s a sideband on one s i d e only which corresponds to beam bending towards t h e thicker holes. This method can b e used to make b i p r i s m s producing a deflection s i m i l a r in magnitude to the electrostatic biprisms now used for electron h o l~g r a p f~y . Such p r i s m s a r e located i n a n image p l a n e t o produce overlapping images a t s u b s e q u e n t image planes i n t h e column. It i s i n p r i n c i p l e a l s o possible to f a b r i c a t e a phase p l a t e to enhance predetermined s t r u c t u r e s , for example molecules of a given shape, d i r e c t l y b y intervention i n t h e diffraction plane of t h e microscope. The phase plates a r e written in t h e STEM and transferred to the conventional microscope where a t t h e much lower c u r r e n t d e n s i t i e s they a r e sufficiently stable to be used as electron optical components.
The STEM now i s a powerful and f l e x i b l e tool f o r solid s t a t e science, with applications to many areas, both p u r e and applied. A recent survey of work going on i n t h e Cavend i s h Laboratory has been published ( 1 1). However one important new application to t h e characterisation of colloidal particles has been opened up by J. Yuan (private communication). Colloidal systems such a s paints r e l y upon t h e control of interparticle forces, which comprise attractive Van der Waals forces i n addition to o t h e r forces caused b y charged double layers, polymeric s u r f a c e coatings, etc. Because Van d e r Waals forces r e s u l t from correlated dipole moments, they depend d i r e c t l y upon t h e dielectric functions measured by EELS. According to Yuan, the Lifshitz theory for the strength of the Van where I~( A~A (~) ) is precisely t h e function measured b y electron energy loss spectroscopy at t h e interface between medium A and medium B Thus t h e r e i s a d i r e c t link between t h e electron energy loss s p e c t r u m and interparticle forces. Contributions to the Van d e r Waals forces from t h e infrared losses cannot be assessed by EELS because of inadequate energy resolution, b u t t h e ultraviolet p a r t of t h e spectrum makes a more important contribution, p a r t i c u l a r l y close to t h e interface, and t h i s is where STEM has a vital role to play. It is possible to observe q u i t e complex particles, with various surface coatings, and from t h e energy loss spectroscopy to estimate the strength of the Van d e r Waals term i n t h e expression for t h e forces between t h e particles. Preliminary work on Ti02 particles seems to indicate that i n a practical case this program can be carried out, the expected forces agreeing with those measured directly.
